It is well over half a century since contacts between organelles such as the endoplasmic reticulum (ER), mitochondria, and the plasma membrane (PM) were first observed in electron microscopy studies. Still, these early images of seemingly rare organelle interactions continue to capture the attention and curiosity of cell biologists even today. From seminal studies first proposing roles for organelle cross talk in excitable cells, the field has now expanded to cover nearly all aspects of eukaryotic cell biology, from calcium and membrane lipid transport to vesicular trafficking, cell signaling, metabolism, and homeostasis. This review highlights recent discoveries pointing to vital roles for ER-PM contacts in membrane lipid dynamics and organization.
Introduction
Regions of the peripheral endoplasmic reticulum (ER) closely apposed to the plasma membrane (PM) were revealed in elegant detail by electron microscopy (EM) studies on muscle cells [1] , where they play important roles in calcium (Ca 2+ )-mediated excitation-contraction events [2] . A few years later, Jack Rosenbluth reported "subsurface cisterns" in neurons [3] , which are now recognized as ER-PM contacts and have been described in greater morphological detail with recent advances in cryo-EM tomography [4, 5] . At the time of their discovery the role of "subsurface cisterns" were obscure, but because these structures were prominent in neurons and muscle cells Rosenbluth surmised that they might be integral to metabolic 'peculiarities', including ion transport and rapid membrane lipid dynamics, occurring in excitable cells. This prediction has turned out to be the case, and ER-PM contacts are now widely accepted as important sites for non-vesicular Ca 2+ and membrane lipid transport. Moreover, it is now evident that ER-PM contacts are ubiquitous structures that function not only in excitable cells but also numerous cell types across single-and multi-cellular eukaryotic organisms.
Conserved roles for ER-PM contacts in membrane lipid dynamics and homeostasis have been elucidated by the identification of proteins that form and function at these important cellular structures. In particular, the identification of lipid transfer proteins that function at these sites has greatly aided our understanding of how ER-PM contacts control membrane lipid composition and organization. Within the past few years, we have learned a great deal more about the selective transport of lipids between the ER and PM. Cells have a vast toolkit of lipid transfer proteins on hand for the discrete movement of lipids, for anterograde transport to the PM versus retrograde transport to the ER, and for the establishment of lipid concentration gradients versus lipid equilibration. Importantly, we are now learning more about the regulatory mechanisms that control the directional movements of lipids at ER-PM contacts as needed. As such, a key concept is emerging in the field. Namely, distinct ER-PM contacts with unique features and functions are built on demand, in response to intrinsic and extrinsic physiological cues, to balance membrane lipid homeostasis and dynamics as needed.
Keeping Calm: ER-PM Contacts in Membrane Organization and Homeostasis
Membrane integrity ensures cellular integrity. As such, membrane status is continuously assessed and maintained through careful control of membrane protein and lipid composition. Lipid molecules have distinct physical properties that determine their organization in a cellular membrane bilayer. Accordingly, the PM has a unique membrane lipid composition that determines its mechano-physical properties, organization, and identity from other membrane compartments in the cell [6] . For example, the PM is enriched in sterol, sphingolipids, and certain phospholipids as compared to other cellular membranes ( Figure 1 ) [7, 8] . In particular, high levels of the phospholipid phosphatidylserine maintain an overall negative charge at the cytosolic face of the PM, a key feature of the PM [9] . The PM displays unique features at the lipid species level as well, represented in distinctive acyl chain properties. First, the PM is enriched in long acyl chain sphingo-and phospholipid species in order to suit the length of PM transmembrane domain proteins [7, 8, 10] .
Moreover, the PM is enriched in lipids with saturated acyl chains thought to preferentially associate in liquid-ordered domains stabilized by sterol lipids [7, 8] . In contrast, the ER membrane is less ordered, more fluid, thinner, and less charged than the PM. The chemical and physical properties of the ER membrane are defined by low sterol, sphingolipid, and phosphatidylserine content and, in converse, higher levels of neutral aminophospholipids with shorter, unsaturated acyl chain species ( Figure 1 ).
The conserved PM and ER lipid identity codes are created by the selective delivery of lipids between the ER and PM by specific lipid transfer proteins and possibly by vesicular trafficking (Figure 1 ), as spontaneous lipid transfer between membranes is energetically unfavorable and potentially non-specific [11] . In particular, members of a conserved family of lipid transfer proteins, the oxysterol-binding protein related proteins (ORP), are thought to be crucial for the establishment and maintenance of PM lipid identity ( Figure 2 ). ORP family members transfer newly synthesized cholesterol and phosphatidylserine from the ER in exchange for phosphatidylinositol 4-phosphate (PI4P) at the PM [12] [13] [14] [15] . In this manner, cells utilize PI4P metabolism for directional transport of lipids from the ER to the PM (i.e. transport from the ER to the PM against a concentration gradient). 
Ready on Alarm: Inducible ER-PM Contacts in Regulated Exocytosis and Endocytosis
In addition to membrane organization, ER-PM contacts support dynamic vesicular trafficking events taking place at the PM [2] . Phosphoinositide lipid and Ca A striking and yet underappreciated observation is that levels of PI4P, a precursor to PI(4,5)P 2 , rise simultaneously with PI(4,5)P 2 hydrolysis at the PM ( Figure 3 ) [30, 31] .
This implies that robust systems for PI(4,5)P 2 re-synthesis are engaged upon PLC activation. Rapid recycling of diacylglycerol, a direct product of PLC-mediated PI(4,5)P 2 hydrolysis, facilitates efficient PI(4,5)P 2 re-synthesis in a process known as the phosphoinositide cycle [26] . Because diacylglycerol is generated from PI(4,5)P 2 at the PM and phosphatidylinositol, the precursor to PI4P and PI(4,5)P 2 is synthesized by the CDP-diacylglycerol pathway in the ER, lipid transfer protein activities at ER-PM contacts are instrumental during the phosphoinositide cycle.
Recent studies on the Nir2 phosphatidylinositol transfer protein and its ortholog RdgB in Drosophila have provided mechanistic insight into this process [32] [33] [34] [35] [36] .
Diacylglycerol produced from PI(4,5)P 2 hydrolysis is first converted to phosphatidic acid by diacylglycerol kinase at the PM. Nir2 then translocates to the PM by binding phosphatidic acid. At ER-PM contacts, Nir2 transfers phosphatidic acid to the ER for phosphatidylinositol synthesis (via the CDP-diacylglycerol pathway) and in turn transports phosphatidylinositol back to the PM for PI4P and PI(4,5)P 2 synthesis.
Interestingly, targeting of Nir2 to ER-PM contacts is further specified by binding the ER-localized VAP proteins that also recruit certain ORP isoforms [35] . Thus in response to stimuli that trigger PLC-regulated exocytosis, ER-PM contacts may switch from sites of PI4P exchange (e.g. PI4P and sterol, Figure 2 ) to sites that promote PI4P and PI(4,5)P 2 synthesis (Figure 3 ). Previous studies implicate Ca 2+ , PI(4,5)P 2 , and actin oscillations during regulated exocytosis [51, 52] . Given the important roles the Nir2, E-Syt, and TMEM24 proteins serve in PI(4,5)P 2 and Ca 2+ regulation, ER-PM contacts may be generally involved in vesicular trafficking events at the PM. In support of this, the majority of exocytic and clathrin-mediated endocytic events in HEK293 cells appear to occur in close proximity to ER-PM contacts [53] . Another recent study suggests that ER-PM contacts promote actin polymerization during late stages of clathrin-mediated endocytic internalization in yeast [54] . Intriguingly, ER-PM contacts are also implicated in clathrin-independent epidermal growth factor receptor internalization • show that E-Syt1 is a Ca 2+ -regulated lipid transfer protein that transfers phospholipase C-generated diacylglycerol from the PM to the ER. Bian et al. show that E-Syt1 is auto-inhibited through intra-molecular interactions between its C2A and SMP domains in the absence of stimuli that elevate cytosolic Ca 2+ . This inhibition is released upon Ca 2+ binding to the C2A domain, allowing SMP domaindependent diacylglycerol transport. Thus, E-Syt1 may participate in phosphoinositide lipid signaling specifically in response to stimuli that trigger phospholipase Cmediated PI(4,5)P 2 hydrolysis. •The study by Dickson et al. describes a distinct role for E-Syt2-dependent ER-PM contacts in phosphoinositide and Ca 2+ homeostasis. E-Syt2 places the phosphoinositide phosphatase Sac1 in proximity to the PM where it may regulate PI4P levels by a mechanism that is not completely understood. Interestingly, upon activation of receptors coupled to phospholipase C activity and PI(4,5)P 2 hydrolysis, E-Syt2-and Sac1-containing ER-PM contacts are disassembled resulting in increased PI4P levels for store-operated Ca 2+ entry (SOCE) and PI(4,5)P 2 resynthesis. SOCE reforms E-Syt2-mediated ER-PM contacts to restore PI4P homeostasis and return to the resting state. binding to the C2A and C2C domains as well as PI(4,5)P 2 binding to the C2E domain of the E-Syt1 protein results in the formation of specialized close ER-PM contacts for the retrograde recycling of phospholipase C-generated diacylglycerol (DAG) from the PM to the ER. In this manner, the E-Syts may specifically participate in lipid and Ca 2+ signaling events at the PM. Consequently, ER-PM contacts impact vital physiological processes including neurotransmission, insulin secretion, and immune cell signaling.
Figures and Figure Legends

